
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

ChemComm

www.rsc.org/chemcomm

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal Name 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ►

ARTICLE TYPE
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  1 

Side-Functionalized Two-Dimensional Polymers Synthesized via On-

Surface Schiff-Base Coupling 

Lirong Xu, a Lili Cao, a Zongxia Guo,  b Zeqi Zha, a and Shengbin Lei * a 

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX 
DOI: 10.1039/b000000x 5 

An imine-based 2D polymer side-functionalized with o-hydroxyl group was designed in regarding to its potential ability to serve as 
chelating agents and synthesized on highly oriented pyrolytic graphite surface with relatively low annealing temperature. When annealed 
to higher temperature the o-hydroxyl group reacts further with the imine group, leads to formation of oxazoline, which causes significant 
distortion to the network. The formation of oxazoline was further confirmed by ATR-FT IR. 

Recently, the synthesis and characterization of two-dimensional 10 

polymers has attracted significant interest due to its potential 
application as nanoporous membranes and electronic, 
photoelectronic materials.1-6 Although on-surface synthesis, using 
a solid surface as template, has been proved to be an efficient 
approach toward such intriguing materials, the realization of 15 

long-range ordered two-dimensional polymer with low defect 
density still remains a foremost challenge for surface scientists.7-8 
Up to now, different types of two-dimensional polymers, or put to 
another term, surface covalent organic frameworks (surface 
COFs), based on diverse chemical reactions have been 20 

accomplished through on surface synthesis via different 
reactions.9-17 Among all these reactions, the condensation and 
esterification of boronic acid and Ullmann coupling are most 
thoroughly investigated. The Schiff-base coupling, which has 
been widely applied in solution preparation of bulk (powder) 25 

COF materials,18 on the other hand, is less explored in the on-
surface synthesis despite the moderate reaction conditions, no 
need of catalyst and could be prepared on inert surfaces, mostly 
because the reaction is not easy to proceed in vacuum without 
catalysis.19 However, at the solid-liquid interface, Schiff-base 30 

reaction can proceed at room temperature.20 
Single layer of 2D polymer represents one class of intriguing 

two-dimensional materials, especially those with 2D -
conjugated structures due to the efficient in-plane electron 
transport through covalent bond.21 These materials bear a finite 35 

band gap and can be applied in the field of nanoelectronics as an 
alternation of graphene,22-24 which is long been boring with its 
zero band gap nature.25,26 The electronic structure of the 2D 
polymers can be easily engineered by alternating their backbone 
structure or introducing functional groups onto the backbone.27-29 40 

The potential to recognize specific target molecule through the 
incorporation of tailored recognition sites in a highly organized 
manner to such molecular scale membrane renders side-
functionalization of 2D polymers extremely attractive in 
nanosensing.2 45 

Introducing functional groups into COF materials by using 
precursors bearing functional moieties is a straight forward 
approach and has been successfully realized in bulk COF 
synthesis.30-33 Though 2D polymers functionalized with side 
groups have attractive potential applications in chiral separation 50 

and nanoelectronics, up to date, on-surface synthesis of 2D 
polymer with side functional groups is scarce. Introduction of 
functional groups with chemical activity is especially challenging 
for the on-surface synthesis due to changes of chemical and 
physical properties to the monomer and potential side reactions. 55 

The only attempt toward side-functionalization of surface COF 
was reported recently by Faury et al.34 However, side-
functionalized 2D polymer with long range order and high 
surface coverage was not obtained. 

In this paper, we report on the synthesis of extended 2D 60 

polymers with side functional groups and acceptable ordering. 
The incorporation of hydroxyl groups on the ortho-position 
equips the 2D polymer with spatially ordered potential chelating 
sites, attractive in the application of nanosensing and catalysis. 
We applied a solution based premixing methodology, which 65 

impose no limit to the evaporation temperature. 3,3'-
Dihydroxybenzidine (DHI) or 3,3'-Dimethoxybiphenyl-4,4'-
diamine (DMA), in which the o-H of benzidine was replaced with 
chemical active hydroxy group, or chemical passive methoxy 
group, were used as precursors to construct functionalized 2D 70 

polymers. Both precursors can form regular 2D polymer on 
highly oriented pyrolytic graphite (HOPG) surface via on-surface 
Schiff-base coupling with benzene-1,3,5-tricarbaldehyde (BTA).  
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Figure 1.  Molecular structure of monomers used in this work.  75 
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Figure 2. (a) Large-scale STM image of 2DPBTA-DHI obtained by annealing 
at 65 °C for 30 mins with the corresponding FFT of the STM image 
inserted. (b) High resolution STM image of the 2DPBTA-DHI shown in (a). 
Some oligomers resulting from incomplete condensation are indicated by 5 

the blue arrows. (c) Large-scale STM image of 2DPBTA-DHI obtained by 
annealing at 75°C for 4 hours with the corresponding FFT of the STM 
image inserted. (d) High resolution STM image of the 2DPBTA-DHI shown 
in (c). The tunneling conditions were Iset = 0.5 nA, Vbias = 0.5 V for (a) 
and (b), Iset = 0.03 nA, Vbias = 0.5 V for (c) and (d). 10 

For the on-surface synthesis of 2DPBTA-DHI on HOPG substrate, 
BTA and DHI were dissolved in DMSO with a mole ratio of 
about 1:3 and drop-casted onto the substrate surface. Annealing 
the sample at 65°C for 30 min results in an extended network 
with side functional groups, the two-dimensional fast Fourier 15 

transformation (FFT) of the STM image show six scattering spots, 
indicate the varied periodicity of the network (Figure 2a and 
inset). High resolution STM image reveals imperfection of the 
network. Unclosed pores and zig-zag linear polymers from 
incomplete condensation can be distinguished in the STM image, 20 

as indicated by the blue arrows (Figure 2b). After increasing the 
temperature to 75°C, the amount of oligomers has significantly 
decreased (Figure S1). By elongating the reaction time, more 
extended OH-functionalized 2DPBTA-DHI could be achieved. 
Figure 2c-d shows representative STM images of 2DPBTA-DHI 25 

obtained at 75°C for 4 hours. The topography of 2DPBTA-DHI is 
dominated by hexagonal network. The percentage of triple-
coordinated vertices increases from 42% for the sample prepared 
at 65°C for 30 mins to 65% for the sample prepared at 75°C for 4 
hours, demonstrating a significant increase in the completeness of 30 

surface reaction. The lattice parameters of 2DPBTA-DHI were 
measured to be a = b = 3.0 ± 0.2 nm, α = 60 ± 2°, which agrees 
well with that expected from the chemical structure, confirming 
the covalent bond formation.  

It is worth noting that annealing the sample at 140 °C for 30 35 

mins results in distorted network topology (Figure S2). As 
illustrated in Figure 3c, an ideal hexagonal pore formed by 
Schiff-base coupling of six BTA and six DHI monomer units 
afford an all trans-conformation of imine groups, with the -OH 
pointing to different sides of the pore. Here trans-conformation 40 

refers to the conformation where the two imine bonds point to 
opposite directions with respect to the molecular axis of DHI 
(Figure 3a). This motif with uniform bond lengths and ideal 120° 
bond angles between all sp2 atoms can serve as building unit for 
an extended 6-fold symmetric honeycomb framework. However, 45 

rotation of single bonds is possible, results in cis-conformation of 
the DHI unit and different orientation of the -OH group. 
Conformational optimization indicates that the 2DPBTA-DHI can 
accommodate cis-conformation by slightly adjusting the bond 
angles of the skeleton, and do not lead to significant distortion of 50 

the network (Figure S3). This has been proved by the high 
regularity of the unfunctionalized 2D polymers.29 Intramolecular 
hydrogen bond between C=N and -OH groups is also possible 
(Figure 3a), which can enhance the stability of the entire covalent 
network without changing its geometry. Thus the distortion of the 55 

2D polymer must have other reasons. After complete of the Schiff 
base reaction, the -OH group can further react with imine, leading 
to the formation of oxazolidine. In the presence of oxidant (in our 
case most probably O2) oxazolidine will further oxidize to 
oxazoline (Figure 3b). Since there are twelve imine groups in 60 

each hexagon, there exist a lot of imine-oxazolidine-oxazoline 
combinations if the cyclization-oxidation reaction proceeds  
incompletely. Since the formation of oxazolidine/oxazoline will 
cause shrinking of the network (Figure 3a), the hybrid network 
will become distorted. Figure 3b and Figure 3c shows the three-65 

step reaction and chemical models of the Schiff-base product, 
oxazoline network and some intermediate states with different 
combinations. The periodicity of the covalent network will 
decrease to 2.7 nm if all the imine groups completely change to 
oxazolines.  70 

To get a deeper insight into the relation between reaction 
temperature and network regularity, we have also tried to proceed 
the reaction at even higher temperature so that the 
cyclization/oxidation reaction can be more complete. Annealing 
at 205 °C for 30 mins leads to a 2D polymer with more distorted 75 

pores (Figure 3d and 3e), indicating that more imine groups are 
converted to oxazolidine/oxazolines. Now the FFT of STM image 
shows no points, indicating the network completely loss 
periodicity (Figure S4). Extending the annealing time to 11 hours 
does not help the imine network completely transfer to oxazoline 80 

network (Figure S5). The continuous imine 2DPBTA-DHI network 
torn apart due to shrinking after cyclization and oxidation.  

 
Figure 3. (a) Illustration of the definition of the cis- and trans- 
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conformation of imine groups, the formation of intramolecular hydrogen 
bond, and the structure of oxazoline. (b) Three chemical reaction steps 
including Schiff-base coupling, cyclization and oxidation of oxazolidine 
to oxazoline. (c) Structural models of different imine and oxazoline 
combinations. (d) and (e) Large-scale and high resolution STM image of 5 

2DPBTA-DHI obtained after annealing at 205 °C for 30 mins. Hexagonal 
pores supposed to be oxazoline and Schiff-base are indicated by black and 
white arrows respectively. The tunneling conditions were Iset = 0.5 nA, 
Vbias = 0.5 V. 

To confirm the formation of oxazoline network we have 10 

performed total reflection infrared spectroscopy (ATR-FT IR) on 
the sample prepared at 75°C and 205°C, respectively, as 
illustrated in Figure S6. In the spectrum obtained on the sample 
prepared at 75°C the peak at 1650 cm-1 is attributed to the 
vibration of imine C=N, while for the sample annealed at 205°C, 15 

the peak red shift to 1676 cm-1, which is in good agreement with 
previously reported N=CO vibration of oxazoline group.40-41 

The peak at 1170 cm-1 is attributed to the vibration of CO bond 
of the phenol group, appears for both samples, also agrees with 
the conclusion that not all imine groups were transformed to 20 

oxazoline even after annealing at 205°C. It is worth mentioning 
that we cannot rule out the possible existence of oxazolidine 
intermediate in the network, since both STM and ATR-FT IR 
cannot distinguish these two compounds, and also because STM 
characterization still reveals distorted networks even the reaction 25 

was carried out under argon protection (Figure S7).  
To further validate the hypothesis we have passivated the 

chemical active -OH group by replacing it with -OCH3. In this 
case, by using the same preparation procedure, nearly single 
crystalline 2DPBTA-DMA was obtained (Figure 4). The FFT of STM 30 

image (the inset of Figure 4a) shows sharp points with 6-fold 
symmetry. The lattice parameters of this 2D polymer were 
measured to be a = b = 3.0 ± 0.1 nm, α = 60 ± 2°, which agrees 
well with the chemical structure model and confirms the covalent 
bond formation. Although there are some defects which were 35 

indicated by blue arrows in Figure 4a, the orientation and 
continuity of the 2DPBTA-DMA is not affected. The modification by 
-OCH3 not only allowed us to accurately adjust the size of the 
pores (the pore diameter in 2DPBTA-DMA decrease to 2.3 ± 0.1 nm) 
but also change the chemical environment. This result also in one 40 

way proved that the distortion in the -OH functionalized 2DPBTA-

DHI is due to the further cyclization/oxidation of imine.  

 
Figure 4. (a) Large-scale STM image of 2DPBTA-DMA with the inset 
depicting the corresponding FFT of the STM image. Structural defects 45 

resulted from missing of building blocks are marked by dark blue arrows. 
(b) High resolution STM image of 2DPBTA-DMA, the inset shows the 
chemical structure of a hexagonal pore. The tunneling conditions were Iset 
= 0.1 nA, Vbias = 0.5 V. 

Though the strategy for the side-functionalization of 2D 50 

polymers is straight forward, the implementation is not easy. 
Chemically active functional groups may result in side reactions, 
which may perturb the network forming reaction. Since post 
synthetic separation is not possible for the on-surface synthesis of 
2D polymers, a small portion of the by-product is enough to lead 55 

to significant distortion of the network. Other effects, such as the 
effect on monomer diffusion and assembling, activity of the 
main-reaction group, symmetry/topology of the 2D polymer etc. 
all should be considered. In our case of solution deposition, the 
evaporation temperature and thermal stability of the precursors 60 

are not as important as for the on-surface synthesis in a UHV 
system.34 However, the surface mobility and intermolecular 
interactions between precursors has similar effects on the on-
surface polymerization as in UHV. The existence of hydroxyl 
groups in DHI enables intermolecular hydrogen bonding, the 65 

intermolecular interaction becomes much stronger as compared to 
benzidine and DMA. In our procedure for on-surface 
polymerization, the amine precursor is always in excess in order 
to ensure complete reaction of BTA, thus coadsorption of 
unreacted amine precursors was observed (Figure S1). In case of 70 

benzidine and DMA, annealing at 140 °C in the low vaccum oven 
is enough to remove most of the coadsorbed amine precursors,29 
however, in case of DHI, coadsorbed DHI monomers are always 
observed inside the pores of the 2D polymer, especially those 
prepared under 65 °C and 75 °C (Figure S1).  75 

Though in the case of -OH functionalized 2DPBTA-DHI further 
reaction of -OH with imine seems inevitable at high temperature, 
this discovery also have positive aspects. Schiff-base reaction is a 
well know thermodynamic controlled reversible reaction, and 
thus the 2D imine polymer is not stable in water, acid or base 80 

environment. However, after cyclization and oxidation the 
stability of the oxazoline 2D polymer will be greatly improved. 
Thus this inspired us a new strategy for the synthesis of 2D 
polymers: first utilizing the self-healing ability of thermodynamic 
controlled reaction like Schiff-base reaction to form a 2D 85 

polymer with periodic lattice, and then stabilize it with a further 
irreversible reaction to get a 2D polymer with higher stability.  

Side-functionalization of 2D polymer with chemically passive 
groups, like -CH3

29 or -OCH3, is relatively easy to accomplish. 
The precursors designed with -CH3 or -OCH3 as substituents 90 

could lead to highly ordered networks. These functional groups 
could be useful for precisely adjusting the size and chemical 
environment of the pores.     

To summarize, imine based 2D polymers side-functionalized 
with chemical active -OH or chemical passive -OCH3 groups 95 

were synthesized via on-surface condensation applying a 
premixing strategy with mild annealing in a low vacuum oven. 
STM reveals distortion of the -OH functionalized 2DPBTA-DHI 
when heated to higher temperature, which is attributed to the 
further reaction of imine with -OH group. This hypothesis has 100 

been verified by ATR-FT IR characterization. And further by the 
high regularity of the 2DPBTA-DMA after the -OH group was 
replaced with passive -OCH3 group. It is envisaged that the pore 
size and environment/polarity, even the chemical properties and 
the band gap of the 2D polymers can be engineered by 105 

introducing functional groups into the pore walls and through 
tuning the polarity of the 2D polymers. However, our results 
proved that introducing chemically active groups is much more 
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difficult than chemical passive ones. Nevertheless, the synthesis 
of extended side functionalized 2D polymers represents a 
significant step toward the application of this type of facilitating 
2D materials. Considering the potential ability of o-hydroxyl 
imine to serve as chelating agents, 2DPBTA-DHI represents a 5 

molecular-scale membrane with well-ordered recognition sites 
toward metal ions, which could be attractive for applications in 
sensing and catalysis.  
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